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ABSTRACT  Frog muscle endplates were explored with an extracellular micro- 
dectrode. An intraceUular microelectrode nearby simultaneously moaitored in- 
vasion  of the  endplate  by a  spike directly  evoked by a  third  microelectrode 
placed away from the endplate in the same fiber. External positivities were seen 
only at sites  generating  miniature  endplate potentials.  The external  positivity 
reached a maximum prior to the internally recorded potential and was followed 
by a  small  late negativity.  Small  movements away from  active synaptic sites 
resulted  in  positive-negative-positive potential  sequences characteristic  of ac- 
tivity and propagation.  Since the external potential is a function of membrane 
current,  the absence of negativity associated with the rising phase of the spike 
indicates  the  absence of inward  current  at  synaptic sites.  Thus,  the  synaptic 
membrane appears not to be excited by a  depolarization  of the magnitude of 
an  action potential.  In  an Appendix  it is shown that  the late negativity and 
earlier maximum of the external potential can be accounted for by capacitative 
current through passive membrane. 
The  presence  of discrete foci of spontaneous  negative  potentials  (s.n.p.)  has 
been demonstrated  in external recordings from the frog myoneural junction, 
(Fatt and Katz, del Castillo and Katz). These foci are more sensitive to appli- 
cation of acetylcholine than other regions of the endplate and depolarizations 
resulting  from iontophoresis  of acetylcholine  at  these  sites exhibit faster rise 
times than those produced elsewhere in the endplate  (del Castillo and Katz). 
The sites are,  therefore,  presumably also the sites of functional synaptic con- 
tact. Experiments are presented in this paper to show that these regions do not 
pass inward  current  during  a  directly  evoked muscle action  potential.  This 
finding is considered to indicate electrical inexcitability of the endplate mem- 
brane,  a  condition  postulated  by Grundfest  (1957,  1959)  on  less direct  evi- 
dence.  The small size of the synaptic membrane in muscle endplates and  the 
presence  of  adjacent  electrically  excitable  membrane  has  precluded  more 
direct tests  (see Discussion). 
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One  assumption  is  made  in  this  paper  without  proof:  that  the  potential 
recorded externally near an excitable element in a  volume conductor has the 
same  time  course  as  the  membrane  current.  This  assumption  is  reasonable 
from physical considerations and is one held generally by electrophysiologists 
(Lorente de N6; Freygang; Freygang and Frank; Tasaki). In the present work, 
negative potential changes recorded externally are understood as representing 
inward membrane currents and positive potentials, outward currents. Inward 
current is associated with all propagated  action potentials of animal electro- 
genic cells. 
METHOD 
Frog sartorius muscles were used in most experiments.  In some experiments, single 
muscle fibers with their nerves were dissected from frog semitendinosus muscles. All 
experiments were carried out at room temperature (20 to 24°C). The bathing solution 
consisted of NaC1 240 n'~, KC1 2.0 m~, CaC12 1.8 ro_M. To make the medium hyper- 
tonic,  this  solution  contained  twice  the  amount of NaC1  normally found  in  frog 
FiG~.rm~  1.  Experimental arrangement.  V1 is  the potential measured  intracellularly; 
V~ the potential measured  extracellularly.  The third electrode located  away from the 
end plate was used to evoke direct spikes by passing depolarizing current.  N is the nerve. 
Ringer's solution. Hypertonicity served two functions: to decrease the contraction of 
the muscle  (Hodgkin and  Horowicz;  Howarth);  and  to  increase  the frequency of 
s.n.p,'s (Fatt and Katz). The latter effect aided location of sites of s.n.p, producdon 
which are distributed as small patches in the junctional region. All work was done 
with the muscle covered by at least 3 mm of bathing solution and records were taken 
to 3 hours after addition of the hypertonic medium. 
A  high power  binocular microscope was  used  to  find  the  termination of nerve 
twigs on the muscle surface. A  microelectrode was inserted into the muscle fiber in 
this, the endplate region (Fig.  I,  V1). Only if the resting potential was greater than 
85 my and spontaneous miniature potentials were recorded, was the fiber used in the 
experiment. A second microelectrode (Fig.  1,  V2) was then used to explore the junc- 
tional region externally until s.n.p.'s were located. Careful exploration of the s.n.p.- 
generating site was made to place the electrode in a  position where s.n.p.'s with the 
fastest rise times could be recorded. 
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2 mm when possible. A third microelectrode was inserted into the fiber at this point 
and was used for stimulation of the fiber with depolarizing currents. The antidromic 
spikes  thus  elicited  were  recorded  by  the  two  electrodes  in  the  endplate  region 
simultaneously. 
The glass microelectrode tips were less than  1 t~, filled with 3 M KCI. In one case 
a  4  M sodium chloride electrode was used with  substantially  the same results.  Re- 
cording was direct coupled at all stages through high impedance, neutralized capacity 
head stages  (Amatniek).  Inadvertent  penetration  of the fiber by electrode V2 could 
thus be detected. Such changes in resistance as may have occurred on approaching 
the muscle surface were small compared to the microelectrode resistance and could 
not be measured.  Direct coupled recordings with compensated frequency responses 
were important because of the importance of phase changes, slopes, and timing in the 
experiments.  The frequency response of the amplifiers was flat to 35 kilocycles/see. 
Current was monitored across a  I  megohm series  resistor.  All functions were viewed 
simultaneously on an electronically switched, four-trace oscilloscope. 
RESULTS 
When  an  action  potential  was initiated  at  the remote  electrode and  propa- 
gated into  the  endplate  region,  the spike that  was recorded  internally  (Fig. 
2 A, bottom trace) had the usual form (Nastuk and Hodgkin). The simultane- 
ously recorded  external  potential,  however, was a  small positivity, never ex- 
ceeding  8  mv  in  amplitude.  The  amplitude  of the  external  potential  was 
related  to the closeness of the external  electrode  to the  fiber surface and  de- 
creased  rapidly  with  movement  of the  microelectrode  a  few microns  away 
from the surface. Close approximation of the microelectrode was necessary for 
recording these potentials,  and the tendency of the electrode to penetrate the 
fiber frequently limited attempts at recording large potentials.  Changes in ap- 
parent  microelectrode  resistance  were always less than  5  per cent and  could 
not be resolved with  the  experimental  set-up used.  It was rarely possible to 
find  the s.n.p.'s  on removal of the electrode from the fiber after inadvertent 
penetration. 
In  Fig.  2  A  it  appears  that  the  external  potential  or  membrane  current 
reached  its maximum  before the internal  potential.  This  may be seen more 
clearly in the faster sweep of Fig.  2  C, recorded from a  different experiment. 
That  the internal  and external potentials were recorded in close proximity is 
shown in Fig.  2 B. The external electrode was advanced so as to penetrate the 
fiber, the gain was lowered, and the baseline adjusted. The two action poten- 
tials are almost simultaneous,  confirming  the closeness of the recording elec- 
trodes.  Assuming  a  conduction  velocity of 0.75  m/sec.,  a  separation  of the 
electrodes by I00 microns could have been detected at the speed of this record- 
ing.  The apparent  difference in amplitude is not real,  and  reflects the differ- 
ence in  gain  of the two recordings. 
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potentials recorded  at the pelvic end of the muscle fiber, away from endplates, 
were  positive-negative-positive  sequences,  with  the  negative  phase  showing 
the  greatest  amplitude.  Intracellular  records  in  these  regions  did  not  differ 
from those at the endplate.  Three functions,  recorded  two at a  time  simulta- 
neously in the same fiber,  were traced  and superimposed  in Fig.  3. The clear 
negativity  of the  external  recording  away from  the  endplate  is  seen  to  be  in 
tempo  with  the  rising  phase  of the  internally  recorded  potential.  This  is  in 
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FIGURe, 2.  Potentials recorded at endplate during invasion of directly evoked muscle 
action potential. 
A. Simultaneous recordings of (lower trace) intracellular and (middle trace)  extra- 
cellular potentials at the endplate during invasion of the endplate by a spike. The upper- 
most trace records the stimulating current applied through a third microelectrode. The 
resting potential was 87 Inv. The calibration is for the external trace; that for the internal 
trace is given in part B. 
B. The same experiment. The extracellular electrode was advanced slightly so as to 
penetrate the fiber, the baseline adjusted, and the gain set to approximately one-half 
the level of the lower trace. The two internally recorded traces appear to coincide. The 
duration of the stimulating current was decreased. 
C. From another experiment at  a  faster  sweep.  The external positivity is  seen to 
reach a maximum prior to the internally recorded action potential. A large capacitative 
artifact distorts the early portion of this record. ROBERT WERMAN  Electrical  Inexcitability  of Neuromuscular Synapse  52~ 
sharp contrast to the persistent positivity of the external recording at the site 
of s.n.p,  production. 
This  series  of experiments  (Table  I)  shows  only one  negativity  recorded 
externally  at  regions  with  s.n.p.'s  while  22  other  attempts  failed  to  show 
any  crossing  of the  baseline  during  the  rising  phase  of internally  recorded 
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FiouR~ 3.  Tracings made from records of potentials recorded at endplate regions and 
away from the endplate regions at various gains. These tracings were made from records 
taken from the same fiber, the functions recorded two at a time and then superimposed. 
The time courses of the internally recorded action potential and the external potential 
at excitable and inexcitable sites can be compared. The early maximum of the external 
positivity can be seen. The small calibration value is for external records, the larger value 
for the internal record. 
potential.  At  points  not  generating  s.n.p.'s,  negativities  were  recorded  44 
times  in  50  trials.  In  3  of the  4  cases  of positivity recorded  away from  the 
endplate,  the  resting  potentials  had  declined  and  the  intracellular  spikes 
were less than  100 my in each case. Thus, the spike may have failed to propa- 
gate  into  the  region  of the  electrode  in  these  cases.  In  the  fourth  instance 
there  was  a  definite  failure  of invasion  of the  muscle  spike  into  the  region 
being recorded  from.  No such difficulties were apparent  in  the  two cases of 522  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  46  •  I963 
positivity recorded  at  sites  in  endplate  regions not  generating  s.n.p.'s.  Al- 
though the sampling is  not large enough to make quantitative estimates, it 
is  clear  that  most  of the  membrane  of the  endplate  region  is  electrically 
excitable. The active sites of s.n.p, production make up only a  small fraction 
of the surface of endplate region (del Castillo and Katz) and in actual practice 
are difficult to locate.  It is not clear whether the two instances of positivity 
in the endplate not associated with s.n.p.'s are related to actual synapses or 
not. 
Fig.  4  demonstrates results  from  the  most  successful of the  three  single 
fiber preparations. When the external microelectrode was localized to a  site 
TABLE  I 
TYPES  OF  EXTRACELLULAR RECORDINGS  OBTAINED  AT 
DIFFERENT  SITES  OF  THE  MUSCLE FIBERS  DURING  PASSAGE  OF 
A  DIRECTLY  EVOKED MUSCLE ACTION  POTENTIAL 
Region  of  recording  Total  Ncgatlvity  No negativity 
I. S.n.p.'s  (whole muscle) 
2. S.n.p.'s (single  fiber) 
3. Junctional region (no s.n.p.'s) 
4. Away  from junctional region 
20  1  19 
3  0  3 
25  23  2 
25  21  4* 
"Negativity" and "no negativity" refer to  whether  or not  the  externally recorded  potentials 
crossed the baseline in tempo with the rising phase of the internally recorded  spikes. 
* Probably represent  damage  to the fiber.  See text for discussion. 
yielding  s.n.p.'s  (A),  the  potential  recorded  during  the  spike  was  purely 
positive.  Moving  the  electrode  less  than  5  ~  in  the  long axis  of the  fiber 
produced a  dip in the positivity (B).  Another movement of the same order 
of magnitude in the same direction (C)  resulted in an increased relative size 
of the dip. A further movement of 30 ~  (D)  produced a  clear-cut negativity. 
A  still larger negativity developed with an additional displacement of about 
100  #  (E).  This last was the typical form of potential recorded outside the 
endplate region (Fig. 3). Amplitudes in the different records cannot be com- 
pared since they depend on closeness of the microelectrode to the membrane 
surface. The success of invasion of the endplate region is demonstrated by an 
intracellular  recording  (F)  made  by  inserting  the  external  microelectrode 
into the fiber. 
Thus,  Fig.  4  demonstrates  the  sharp  localization  of  the  regions  of  the 
endplate membrane which did not appear to generate inward current when 
invaded by an action potential. Movement of 5 # produced shunting of some 
of  the  positivity,  probably  by  the  inward  current  of neighboring excited 
regions while a  further 35 #  movement resulted in clear evidence of inward 
current.  Although this  is  the  only experiment where  such graded  changes ROBERT WERMAN  Electrical Inexdtability of Neuromuscular Synapse  523 
were seen,  this sharp  localization  is further  attested to by the infrequency of 
regions of positivity in the endplate region  not associated with s.n.p.'s  (Table 
I). By simultaneous recordings with two external  microelectrodes del Castillo 
and  Katz  have  convincingly  demonstrated  the  small  areas  of the  sites  at 
which s.n.p.'s are generated.  The present data  show localization of positivities 
to areas compatible with their measurements. 
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FIOUR~ 4.  Potentials at different sites along the surface and  intraceUularly recorded 
from a single semitendinosus muscle fiber preparation  during  the passage of a directly 
evoked action  potential.  Latency  varied  in different records because of spikes being 
elicited by long, weak intracellular  depolarizations in order to minimize stimulus arti- 
facts. Curve  A.  Posidvity recorded  at junctional  site which  also generated  maximal 
spontaneous  externally  negative  miniature  endplate  potentials.  Curves B  to E.  The 
changes produced  on  moving external  microelectrode  away from  the  initial  site  as 
described in the text. Curve F. Spikes recorded intracellulady  at the junctional  region 
with low amplification and simultaneously at the gain used for extracellular recordings. 
In  some  of the  recordings  from  the  endplate  region,  the  initial  external 
positivity was followed by a  small late negativity,  as shown in Fig.  5 from a 
tracing  of the  records.  The  late  negativity is  clearly not in  tempo with  the 
rising  phase  of the  intracellularly  recorded  spike  as  was  the  usual  case for 
the  early  negativity  recorded  away from  the  endplate  and  was  always  less 
than  one-third  the  amplitude  of  the  positivity.  The  falling  phases  of  the 
external  recordings  were  frequently  not  reliable  because of movement  arti- 524  TIIE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  46  •  ~963 
facts. The late negativity does not represent activity of the membrane. How- 
ever, as indicated by Freygang and Frank, it can be explained by capacitative 
current flowing through the passive elements of the membrane. These authors 
proposed an equivalent circuit  (Fig.  6 A) in which the external recording is 
across a  resistance  (R2) in series with the network of a  parallel passive mem- 
brane capacity  (C)  and resistance elements  (R1). Such a  passive circuit was 
constructed in  the present work with effective membrane resistances of 200 
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FIoupa,. 5.  Simultaneous external and internal recording from regions ol synaptic con- 
tact. This figure is traced from the original recording. The lower trace is at the resting 
potential level. A  long depolarization was used  to  elicit the action potential. A  small 
negativity occurring after the rising phase of the internally recorded potential is seen in 
the external recording. See text for further discussion. 
to 300 K  ohms and membrane capacities sufficient to give time constants of 
30  to 35  msec.  The external series resistance was taken as  ~  to 20 K  ohms. 
When muscle action potentials were amplified and applied across this circuit, 
the  potential  recorded  differentially  across  the  "external"  resistance  was 
similar to that of the external recording of Fig.  5.  The potential was positive 
with  a  small  negativity  beginning  during  the  repolarization  of the  spike. 
DISCUSSION 
Electrical inexcitability of synapses can be most clearly seen in cells that do 
not  have electrically excitable membrane elements  (Grundfest,  1957,  1959, ROBERT WEPaaAN  Electrical Inexcitability of Neuromuscular Synapse  525 
1961).  Thus,  the  electroplaques  of  marine  fish  (Bennett  and  Grundfest, 
1961 a,  1961 b;  Bennett,  Wurzel,  and  Grundfest; Grundfest  and  Bennett), 
mammalian  gland  cells  (Lundberg),  and  amphibian  slow  muscle  fibers 
(Burke  and  Ginsborg)  are  synaptically excitable,  but do not respond with 
inward  current  to  the  strongest  depolarizations.  When  an  electrically  ex- 
citable component is present, direct testing of the hypothesis of the electrical 
inexcitability  of  all  synapses  is  a  more  difficult  problem.  In  some  tissues 
clearly defined regions of the cell are involved in synaptic activity and have 
no admixed electrically excitable components. The most clear-cut example is 
provided by the soma of lobster cardiac ganglion cells  (Hagiwara  et  al.). 
In most cells, however, the synaptically excited electrogenesis is produced 
at  sites  which  are  anatomically  closely  intermingled with  sites  capable  of 
generating spikes to electrical stimuli.  In these cells it is not possible to re- 
solve the properties of the synaptic membrane by the simple direct test of 
the  presence  or  absence  of  responses  to  electrical  stimuli  of  the  synaptic 
membrane,  although  numerous  indirect  tests  are  available  (Grundfest, 
1957,  1959). 
Anatomically, the junctional region of frog twitch muscle fibers is clearly 
an  inhomogeneous region,  and  the  sites  of presumed synaptic  contact  are 
histochemically differentiated  as  rich  in  esterase  activity  (Couteaux).  The 
nerve terminals are surrounded on most of their surface by the esterase-rich 
synaptic membrane. The finding of discrete areas of s.n.p, production (Fatt 
and  Katz)  and  the further finding that  these regions are  most sensitive to 
iontophoretic applications of acetylcholine  (del Castillo and  Katz)  provide 
further evidence that  the  synaptically  activated  regions of the frog  twitch 
muscle fiber endplate are discrete patches.  The present findings lead to the 
further conclusion that these patches are electrically inexcitable, at least by 
stimuli of about  120  mv,  the size of the invading action potential,  approx- 
imately three  times greater  than  the  critical  firing level of the  electrically 
excitable membrane (Nastuk). 
A  recent review (Eccles) suggests that these experiments demonstrate only 
that  the spike potential of s.n.p.-generating sites is  smaller than elsewhere. 
However,  three  features  of  the  present  experiments  would  indicate  more 
than the smaller size of the spike at synaptic sites.  In an approximately iso- 
potential or closed field condition such as  a  neuron soma, Eccles'  criticism 
would clearly apply.  However,  in a  longitudinal system with a  large space 
constant invaded  by  a  propagating spike such  as  the  twitch muscle fiber, 
external  positivity indicates  outward  current  flow  unless  either  or  both  a 
drastic  reduction  in  rate  of rise  of the  spike  or  a  non-linear  geometry of 
propagation is  postulated.  Furthermore, if the spike is  merely smaller and 
the rate  of change of the rising and falling phases of the action potential is 
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expect a  brief positivity at most 2 to 3 msec. in duration, perhaps superim- 
posed on a  smaller, slower positivity.  Instead, the positivities recorded were 
smooth in contour and lasted 4 msec. or more. Finally, the closeness of fit of 
experimental results to the passive analogue argues for passivity of the under- 
lying synaptic membrane. 
Although the  evidence for  chemical excitation  of the  muscle synapse is 
strong,  it  is  also  indirect.  The  collection of acetylcholine from the  excited 
synaptic region and  the  ability  of acetylcholine to  stimulate this  region in 
low concentrations are very striking phenomena; however, until the current 
data  were presented  there remained  the slight possibility that  this  finding 
was coincidental. As early as  1877,  DuBois-Reymond suggested that neuro- 
muscular transmission was of necessity either chemical or electrical in nature. 
This  suggestion  is  still  generally  accepted.  Although  specialized  receptors 
have  been  found which respond  to  deformation  (Loewenstein; Eyzaguirre 
and  Kuffier),  it  would  seem highly unlikely that  mechanical transducfion 
could be  involved in  the  synaptic process.  The  present data  and  Kuffler's 
demonstration of the lack of sufficient current crossing the synapse by elec- 
trotonus to excite the electrically excitable elements of the endplate combine 
to  rule  out electrical  transmission across  the myoneural junction and  thus 
add  strong  support  to  the  evidence  for  chemical  transmission,  the  only 
feasible alternative. 
In  the  experiments  using  the  Freygang  and  Frank  equivalent  circuit  it 
was  assumed  that  the  properties  of  the  synaptic  membrane  were  purely 
passive  and  that  the impedence of the  synaptic membrane is  the  same  as 
that of the electrically excitable membrane at rest. However, neither assump- 
tion  is  necessarily  true.  Thus,  during  depolarization,  Raja  electroplaques 
(Bennett,  1961 a)  and  amphibian slow muscle fibers  (Burke and Ginsborg) 
both  showed  delayed  rectification  although  the  depolarizing electrogenesis 
which  is  evoked  in  each  tissue  by  neural  or  chemical  stimuli  cannot  be 
elicited  by  electrical  stimuli.  Moreover,  frog  twitch  muscle  fibers  show 
anomalous rectification  (Freygang and Adrian;  Katz).  Miledi has shown a 
significant increase  in  resting resistance  of the denervated endplate  region 
above the resistance of the intact endplate in hemidenervated frog sartorius 
muscle. Those data would appear to argue for loss of synaptic regions of low 
resistivity during denervation.  However,  Miledi's  finding that  both  dener- 
vated and innervated endplate regions show a  higher resting resistance than 
non-synaptic membrane is difficult to reconcile with this conclusion. 
Differences have been demonstrated (Bennett et al., Bennett and Grundfest, 
1961 a,  1961 b)  in  resting  resistance  between  the  innervated  and  non-in- 
nervated surfaces of electroplaques of marine electric fishes.  Bennett (1961  b) 
has pointed out that the resistances during activity of all elements should be 
about equal for maximal efficiency. Thus the resting resistance of the synaptic I~OB~.RT W~.~  Electrical Inexcitability  of Neuromuscular Synapse  527 
region might well be  a  great deal less than that of the electrically excitable 
membrane  which  greatly  reduces  its  resistance  during  spike  electrogenesis. 
The small proportion of the endplate taken up by synaptic membrane would 
preclude  any great shunting produced  by this low resistance in parallel. 
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Fmum~ 6.  A.  Equivalent circuit for recording  conditions  in  this  experiment  (after 
Freygang and Frank). R1 and C represent membrane resistance and capacitance of pas- 
sive dements; R2,  series resistance offered by perisynaptic  structures  and the medium 
external to the membrane; V2, the potential recorded  externally and V1, the potential 
recorded internally and also treated in the text as the output of an ideal voltage generator 
represented  by adjacent electrically excitable membrane. 
B. The function V1  =  te  -xt and G times its  first derivative  plotted  in units of time 
where I/X is the time where the input function reaches its maximum. The first deriva- 
tive multiplied  by the capacity, a  constant (C), I,~, e ~  G (1  -  Xt)e  "-xt is plotted at 
G times the gain of the input function. The first derivative is seen to undershoot at t  =- I / 
X and to reach a minimum when t  --- 2/X. 
On the other hand, during synaptic activity the endplate is greatly shunted 
by high synaptic conductivity. This could more easily be accomplished if the 
resting conductance of the synaptic membrane were higher than that of the 
adjacent  chemically  inexcitable  elements.  Unfortunately,  the  records  ob- 
tained  from  this  study  were  not  of sufficient  quality  to  allow  calculations 
tending  to  solve  this  problem.  Differential  recordings  from  two  microelec- 
trodes closely spaced along a  line perpendicular to the synaptic surface might 5°8  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME 46  •  i963 
have  given a  truer measure  of the membrane  current,  but signal-noise  ratio 
problems precluded this approach. 
APPENDIX 
The early maximum and the late negativity recorded by the external electrode can 
be explained by current flow through passive membrane elements. In order to demon- 
strate this  the equivalent circuit suggested  by Freygang and Frank is utilized  (Fig. 
6  A).  These authors have shown that  the late negativity can be explained by this 
passive circuit if one assumes the input and output of this circuit to be sinusoidal. The 
neighboring active membrane is considered as an ideal voltage generator producing 
a spike across the inactive patch of membrane and a smaller external series "effective" 
resistance  (R2). The external potential is measured differentially across the external 
resistance.  It will be shown that sinusoidal functions need not be assumed and  that 
the early maximum of the external potential can also  be explained by this  passive 
circuit. 
It is clear that: 
V~_ V~- V~ +  c(r~,  -  ¢,) 
R2  R1 
where  I11 and  l?~ represent the time derivatives of V1 (the internal potential) and  V~ 
(the external potential), respectively. 
1  1 
Letting a  =  R~'  13 -- R~'  and ~,  =  ot +  13 
Let us consider the function: 
(1) 
Vx  =  te-X~ " , •  (2) 
which  in  general  resembles  the  muscle  action  potential,  reaching  a  maximum  at 
t  =  1 and then slowly falling to the baseline (Fig. 6 B). This function has the added  X 
advantage of utilizing only one parameter.  Since the membrane current  (I,~) is the 
sum of the ionic and capacitative currents: Im=  CI? +  gV, where g is the membrane 
conductance  ~  in  Fig.  6 A  ,  the term gV  is  always positive and  the undershoot 
must be in the first term, or I.,,~. For Equation 2, 
I,,.o _~ C(1  -  Xt)e  -xt 
and the time course of this capacitative current is given in Fig.  6  C, undershooting 
1 
at t  =  ~, when the internal potential reaches a maximum and reaching a maximum 
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If we substitute Equation 2 in the circuit Equation  1, the solution can be shown 
to be: 
____~  Ie-Xt(1  ('Y -- X) (k -- a) 
This function becomes negative if k  >  a, i.e.,  V~ undershoots if the time to the peak 
is less than the membrane time constant. Moreover, if X >  qt which occurs when R2 
is high, i.e.,  with better approximation of the external microelectrode: 
~'2,1/X  =  /3  )02IX__  ~,e-(-~--0]  e(~/-- 
is negative. That is, the slope of the external potential is already negative when the 
internal potential reaches a maximum. Thus the external potential must have reached 
a maximum before the internal potential. 
If we assume a  sinusoidal input and output for the circuit of Fig. 6 A, we get the 
useful transfer function derived by Freygang and Frank: 
V, _jo~+ 
Vt  jo~ +  ~/'  where  ~o =  27r X  frequency  and  j  =  X/-'-I. 
From this expression it can be shown that the transfer locus is a positive semicircle 
whose center is ~,~(1 +  a/'y) and whose radius is ~,'~(1 --  a/'r). This locus describes 
a phase advance circuit with maximum phase advance when 
A/~  and  ~  =  ~,/a------~,  vl  g  7 
with minimum phase  advance of 0 °  and greatest sensitivity to  phase  advance oc- 
curring between frequencies of ~  =  a  and ~  =  %  Since the rise time is much faster 
than a,  the  phase advance should be small. 
Thus passive elements in an electrically inexcitable region would be expected to 
show the late inward current  and  early maximum of outward current seen in  the 
recordings of this experiment. 
I would like to thank M. L. V. Bennett,  H. Grundfe~t,  and A. Herschman for helpful discu~ions. 
The work was supported in part by grants to Dr.  Grundfest from the Muscular Dystrophy Asso- 
ciations  of America, National Institutes of Neurological Diseases and Blindness,  National Science 
Foundation, and United Cerebral Palsy Research and Education Foundation. 
A preliminary report of these data has appeared elsewhere  (Werman). 
Received  for publication, May 21, 1962. 
BIBLIOGRAPHY 
1.  AMATNIEK, E.,  Measurement of bioelectric potentials with microelectrodes and 
neutralized  input  capacity  amplifiers,  Inst.  Radio  Eng.,  Tr.  Med.  Electron., 
1958, PGME-IO, 3. 53  °  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  4 6  •  x963 
2.  BEr~NP.TT,  M. V. L., Modes of operation of electric organs, Ann.  New  York Acad. 
Se., 1961 a, 94~ 458. 
3.  BEN~.TT, M. V. L., in  Bioelectrogenesls,  (C. Chagas and A. Paes de Carvalho, 
editors), Amsterdam, Elsevier, 196 I, 96. 
4.  BENNF.Vr, M. V. L., and GRUNDFEST, H., The electrophysiology  of electric organs 
of marine electric fishes. II. The electroplaques of main and accessory organs 
of Nardne  brasiliensis, J.  Gen. Physiol.,  1961 a, 44,805. 
5.  BENNP.TT, M. V. L., and GRtrND~ST, H., The electrophysiology of electric organs 
of marine electric fishes. III. The electroplaques of the stargazer, Astroscopus 
y-graecum, or. Gen. Physiol.,  1961 b, 44,819. 
6.  BENN~.a'a', M.  V.  L., WURZEL, M.,  and GRUND~ST, H., The electrophysiology 
of electric organs of marine electric fishes.  I.  Properties of electroplaques of 
Torpedo nobiliana, J. Gen. Physiol.,  1961, 44,757. 
7.  BURKE, W.,  and GINSBORG, B.  L., The electrical properties of the slow muscle 
fibre membranes, or. Physiol.,  1956, 1112, 586. 
8.  DEL CASTILLO, J.,  and I~Tz, B., Localization of active spots within the muscular 
junction of the frog, Jr. Physiol.,  1956, 132,630. 
9.  Cou~Aux,  R.,  Localization  of  cholinesterase  at  neuromuscular  junctions, 
Internat.  Rev.  Cytol.,  1955, 4, 335. 
10.  DuBoIs-t~OND,  E.,  Gesammelte Abhandlungen  zur  allgemeinen  Muskel-- 
und Nervenphysik, Leipzig, Veit,  1877, 2. 
11.  EccLEs, J.  C., The mechanism of synaptic transmission, Ergebn. Physiol.,  1961, 
51,299. 
12.  E-zzAGtrm~, C., and KUFFL~.R, S. W.,  Processes of excitation in the dendrites 
and in the soma of single isolated sensory nerve cells of the lobster and crayfish, 
or. Gen. Physiol.,  1955, 39, 87. 
13.  FATT, P., and K~TZ, B., Spontaneous subthreshold activity at motor nerve end- 
ings, or. Physiol.,  1952, 117,  109. 
14.  FR~'ZGANO,  W. H., JR., An analysis of extracellular potentials from single neurons 
in the lateral geniculate nucleus of the cat, J. Gen. Physiol.,  1958, 41,543. 
15.  Fm~'ZGANO,  W. H., JR., and ADRIAN, R. H., Rectification in muscle membrane, 
Fed. Proc., 1960, 19,135. 
16.  F~'ZOANG,  W. H., JR., and FRANK, K., Extracellular potentials from single spinal 
motoneurons, J.  Gen. Physiol.,  1959, 42,  749. 
17.  GRUND~ST, H., Electrical inexcitability of synapses  and some consequences in 
the central nervous system, Physiol. Rev., 1957, 37,337. 
18.  GRUNDI~ST,  H., Synaptic and ephaptic transmission, in Handbook of Physiology, 
I. Neurophysiology, (J.  FmLD, editor), Washington, D.C.,  American Physio- 
logical Society, 1959, chapter 5. 
19.  GRUNDFF.ST, H.,  Ionic mechanisms in  electrogenesis,  Ann.  New  York  Acad.  So., 
1961, 94,405. 
20.  GRUrCDF~.ST,  H., and B~.NN~a'r, M. V. L., Studies on the morphology and electro- 
physiology of electric organs. I. Electrophysiology of marine electric fishes, in 
Bioelectrogenesis,  (C. Chagas, and A. Paes de Carvalho, editors), Amsterdam, 
Elsevier,  1961. ROBERT WB~tAN  Electrical  Inexcitability of Neuromuscular Synapse  53I 
21.  HAGIWAgA, S.,  WATANABE, A.,  and SAITO, N.,  Potential changes in  syncytial 
neurons of lobster cardiac ganglion, o  r. N~rophysiol.,  1959, 22,554. 
22.  HODOraN, A. L., and HOROWICz, P., The differential action of hypertonic solu- 
tion on the twitch action potential of the muscle fibre, or.  Physiol.,  1957, 136, 
17P. 
23.  HOWARTH, V., The behavior of frog muscle in hypertonic solutions,  or. Physiol., 
1958, 144,167. 
24.  KATZ, B., Les constantes ~lectriques de la membrane  du muscle, Arch. Sc. Physiol., 
1949, 3,285. 
25.  KUFFL~R, S. W., Transmitter mechanism at the nerve-muscle  junction, Arch.  Sc. 
Physiol.,  1949, 3,585. 
26.  LoEwm~saxm, W. R., The generation of electric activity in a nerve ending, Ann. 
New York Acad.  So., 1959, 81,367. 
27.  LomsNanS D~. N6, R., A  Study of Nerve Physiology, Studies  Rockefeller  Inst.  Med. 
Research, 1947, 132, chapter 16. 
28.  LUNDBERO, A., Electrophysiology of salivary glands, Physiol.  Rev.,  1958, 38,  21. 
29.  NASTIm,  W. L., The electrical activity of the muscle cell membrane at the neuro- 
muscular junction, or.  Cell.  and Comp.  Physiol.,  1953, 42,  249. 
30.  NASTUX, W.  L.,  and  HODGI~IN, A.  L.,  The electrical activity of single muscle 
fibers,  or.  Cell.  and Comp.  Physiol.,  1950, 35, 39. 
31.  MILEDI, R., The aeetylcholine sensitivity of frog muscle fibres after complete or 
partial denervation, or. Physiol.,  1960, 151,  1. 
32.  TASAKI, I.,  Conduction of the nerve impulse,  in  Handbook  of Physiology, I. 
Neurophysiology, (J. Field, editor), Washington, D.C., American Physiologi- 
cal Society, 1959, chapter 3. 
33.  Wg~AN,  R.,  Electrical  inexcitability of the  synaptic membrane in  the frog 
skeletal muscle fibre, Nature,  1960, 188,  149. 